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parallelized! microstructure! modeling! and! tractography! toolbox! that!
interfaces!with!existing!tools!such!as!Camino!(Cook!et!al.,!2006),!FSLFDT!
(Behrens! et! al.,! 2007),! ExploreDTI! (Leemans! et! al.,! 2009)! and!
ConnectomeViewer!(Gerhard!et!al.,!2011).!It!will!be!written!in!MATLAB!
(for!prototyping!developments)! and!python!using!numpy!&!scipy! (for!
numerical! routines),! nipy! &! nipype! (for! MRI! image! file! access! and!
interfacing! to! other! tools)! and! pyOpenCL! &! pyCUDA! (for! CPU/GPU!
parallelization).! This! will! make! efficient! routines! for! very! largeSscale!
microstructure! model! optimization! and! tractography! available! to! the!
community! for! usage! and! further! development.! This! is! an! urgent!
requirement! because! continued! development! and! widespread! use! of!
microstructure! compartment! models! and! global! tractography! is!
currently! inhibited! by! the! tremendous! largeSscale! optimization!
challenges!they!pose!leading!to!excessively!long!computation!times.!
Another!great!outcome!of!the!present!thesis!is!related!to!the!field!
of!education.!Comparative!neuroanatomy!(see!chapter!3)! together!with!
the! possibility! of! reconstructing! very! accurately! and! precisely! in! three!
dimensions! single! axonal! bundles! of! thousands! of! subject! open! up! a!
whole!new!set!of! tools!which!can!be!used!by! future!generations!of! life!
sciences’! students.! New! MRISbased! atlases! can! be! developed! at!
resolutions!which!are!getting!very!close!to!those!used!in!current!medical!
atlases! and! mostly! derived! from! post! mortem! analyses.! Thanks! to!
modern! 3D! printers,! then,! very! good!models! of! the! brain! architecture!
can!be!produced!and!diseases!which!require!surgical!intervention!can!be!
modeled! in! such! three! dimensional! reproductions! on! which!
neurosurgeons!can!train!prior!to!the!real!surgery.!
!
Innovation 
Over! the! past! years,! new! sophisticated! and! biologically! plausible!
diffusion! MRI! (dMRI)Sbased! techniques! have! been! introduced.! High!
angular! resolution! diffusion! imaging! (HARDI)! has! overcome! the!
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intrinsic! limitation! of! diffusion! tensor! imaging! (DTI),! namely! that! of!
being! only! capable! of! reconstructing! a! single! fiber! direction! in! every!
image! voxel.! This! has! allowed! researchers! to! model! more! complex!
structural! configurations,! accounting! for! multiple! fibers! present! in!
single! voxels! which! might! be! crossing! or! kissing.! Connectomes!
produced!using! such! techniques! together!with! improved! tractography!
algorithms!will!obviously!be!more!realistic!and!complete.!This!point!has!
been!clearly!elucidated!in!the!second!chapter!of!the!present!thesis.!There!
we!show!the!different!consequences!of!choosing!a!certain!tractography!
algorithm! for! connectome! reconstruction! and! introduce! a! quality!
assurance! framework.! Furthermore,! it! has! recently! been! shown! that!
dMRI!can!be!used!not!only!to!map!the!connections!within!white!matter,!
but!also!inside!gray!matter,!as!also!investigated!in!this!thesis!in!chapter!
4.! This! opens! new! possibilities! to! study! diseases! related! not! only! to!
white!matter! but! also! to! the! cortex.!Lastly,! a!new!group!of! techniques!
allows! researchers! and! clinicians! to! estimate! axonal! packing! densities!
and!diameters,!as!investigated!also!in!this!thesis!in!chapter!5.!The!correct!
mapping!of!these!biological!features!can!unravel!microscopic!details!of!
the! brain! in! vivo.! Future! drug! development! and! clinical! trials! can!
immensely!benefit!from!these!possibilities!as!it!becomes!possible!to!see!
how! they! affect! different! microstructural! compartments! such! as!
intracellular!or!extracellular!space.!
The!methodological!tools!described!previously!and!implemented!
in! this! thesis! will! help! analyzing! the! data! acquired! by! large! research!
initiatives! which! have! recently! started.! The! United! States! National!
Institute!of!Health! (NIH)!has! funded!a! thirty!million!dollar!grant!over!
five! years! to! map! the! human! macroscale! connectome! (i.e.! the! whole!
brain! corticoScortical! connectivity! map! at! a! scale! of! millimeters).! This!
grant!was!assigned!to!two!consortia,!one!led!by!Washington!University!
and! the! University! of! Minnesota!
(http://humanconnectome.org/about/pressroom/tag/brainSinitiative/)!
and! the!other! led!by!Harvard!and! the!Massachussets!General!Hospital!
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(http://www.humanconnectomeproject.org/about/).! The! WashU/MU!
project!aims!at!reconstructing!the!structural!and!functional!connectome!
of!1200!healthy!individuals!using!diffusion!and!functional!MRI!both!at!
3T!and!at!ultraShigh! field! (7T!and!10.5T),!making! the!data!available! to!
the! community.! On! the! other! hand,! the! Harvard/MGH! consortium! is!
more! focused! on! the! development! of! new! sophisticated! data! analysis!
and! acquisition! techniques.! Moreover,! in! Europe,! the! “developing!
human! connectome! project”! (dHCP)! (http://wp.doc.ic.ac.uk/dhcp/)! led!
by! King’s! College! London,! Imperial! College! London! and! Oxford!
University! has! recently! been! announced.! The! target! is! to! produce! the!
first!dynamic!map!of!development!of!the!human!brain!in!vivo!acquiring!
MRI! data! from! infants! ranging! from! 20! to! 44!weeks! postSconceptional!
age.! Therefore,! this! project! tackles! the! tremendous! challenges! of!
scanning!infant!brain!in!the!womb!of!the!mother.!By!understanding!how!
different!part!of! the!brains!are!connected! to!each!other! it! is!possible! to!
get! new! insights! about! how! the! brain! is! shaped! and! works! under!
normal! conditions.! This! new! knowledge! will! then! be! used! in! clinical!
settings! and! will! allow! to! spot! focal! incongruences! which! might!
underlie!some!neurological!diseases,!such!as!autism!spectrum!disorder!
and!Parkinson.!
Over!the!last!decade!several!works!have!already!shown!the!great!
importance!of!dMRI!for!clinical!applications!(Dong!et!al.,!2004;!Hughes,!
2007).! The! contrast! provided! by! dMRI! data! is! widely! used! in! clinical!
practice,!primarily!to!diagnose!acute!ischemic!stroke.!This!helps!doctors!
on!a!daily!basis!to!improve!diagnosis!of!a!suspected!stroke!patient!and!
guide! the! need! for! immediate! medication! necessary! to! improve!
outcome.!With! the! advent! of!DTI! new! scalar! indices! became! available!
about! 20! years! ago,! such! as! mean! diffusivity! (MD)! and! fractional!
anisotropy! (FA).! These! indices! are! related! to! the! structural! coherence!
and!integrity!of!white!matter!fibers!and!have!been!increasingly!used!to!
map!and!identify!morphological!alterations!of!pathological!brain!tissue.!
Such! potential! can! improve! diagnosis! and! treatment! planning! of!
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degenerative!diseases! such!as!Alzheimer’s!disease,!Parkinson’s!disease!
and! Multiple! Sclerosis.! Furthermore,! DTISbased! tractography! allows!
tracing! white! matter! connections! in! vivo,! as! described! in! this! thesis.!
When!dealing!with!patients!affected!by!diseases! such!as!brain! tumors,!
neurosurgeons!can!be!provided!with!a!three!dimensional!map!of!brain!
fibers! around! the! affected! tissue,! making! presurgical! planning! more!
precise.!This!means!that!it!is!now!possible!to!avoid!the!loss!of!cognitive!
or!physical!capabilities!in!a!patient!as!a!consequence!of!a!neurosurgeon!
having! blindly! removed! a! ‘safe’! amount! of! brain! tissue! around! the!
tumor!to!eliminate!the!health!threat.!
Unfortunately,! this! great! potential! in! advancing! medical!
diagnostic! MRI! brain! imaging! has! found! quite! some! resistance! when!
trying! to!enter! into! the!hospital! routine.!This! is!mainly!because!dMRIS
based! techniques! are! considered! to! be! slow,!due! to! the! big! amount! of!
data!required!for!every!subject!and!not! to!be!validated!enough.! In! this!
thesis! we! have! shown! that! both! these! points! can! be! easily! overcome.!
From! the! acquisition! point! of! view,! we! have! tested! and! proposed!
several!protocols!that!use!multiSband!imaging!and!in!plane!acceleration!
techniques.! These! protocols! allow! to! acquire! the! data! needed! for! an!
accurate!description!of!the!brain!microscopical!structure!in!times!which!
are!compatible!with!those!usually!available!in!clinical!settings!(less!than!
five! minutes).! This! shows! that! even! the! most! recent! dMRISbased!
techniques,! which! require! the! acquisition! of! hundreds! of! images! for!
every! subject,! can! be! accessible! to! clinicians.! Moreover,! we! have! also!
shown! that! data! processing! can! become! a! matter! of! few! minutes,!
especially!if!using!the!optimal!algorithms!which!we!have!implemented!
and!used! in! this!work.!Using!modern! acceleration!hardware,!we!have!
shown!that!computation!times!can!be!greatly!reduced.!This!means!that!
mapping! an! entire! human! macroscopic! connectome! using! advanced!
techniques! and! GPU! acceleration! can! be! done! in! reasonable! time,! as!
shown!in!chapter!2,!providing!excellent!clinical!potential.!Furthermore,!
given! the! incredible! speed! which! is! becoming! achievable! using! such!
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methodologies! and! hardware,! it! will! be! possible! to! provide!
neurosurgeons!with!real!time!visualization!of!nerve!fibers!based!on!the!
constantly!updated!position!of!their!surgical!instruments.!
!
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